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Introduction: 
Drug delivery:  
           Drug delivery is described as the localized sustained delivery of a pharmaceutical agent to 
the systemic blood circulation and hence to the site of action to produce a desired 
pharmacological effect [1]. There are three principle ways of drug delivery, first being the 
injection of the drug loaded on microspheres in this method of drug delivery, microspheres are 
formed using a combination of ink-jet technology and single emulsion-solvent evaporation 
techniques. Microspheres of a certain size are produced such as to administer the desired route of 
administration and the rate of the drug release [1]. Another form of drug delivery commonly 
used is called a transdermal drug delivery, in which the skin is used as a medium to administer 
the delivery of a drug. Different technologies are being used to dispense and print drugs on the 
skin.             
           In order to reduce the resistance of skin towards many of the drugs are delivered using this 
method, technologies such as chemical penetration enhancers, iontophoresis and sonophoresis 
are encapsulated in the delivery scheme [2]. Lastly, another type of common drug delivery 
method used is known as nasal and inhaler drug delivery. Here the drug is delivered through the 
nose in the form of a liquid vapor. These vapors flow into the lungs and the drug then diffuses 
via the circulation system [3]. 
           Chitosan is being widely studied as a biopolymer with the motive to be used in different 
forms of drug delivery, especially those described above. Therefore, chitosan in this research was 
studied with respect to its surface properties and its interaction with certain amino acids. 
 
Chitosan: 
  Chitosan is an amino polysaccharide derived from a chemical modification of chitin; it is a 
polysaccharide which occurs in crustacean shells and the cell walls of certain fungi. Chitosan is 
synthesized by a process called alkaline (base) deacetylation of chitin which produces a polymer 
having a unique structural feature, in that the functional amino group appears regularly along its 
oligomeric chain structure. The structure of chitosan is shown below showing the sugar ring 
structure and occurrence of amine-containing functional groups [4]. 
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Figure 1. Structure of Chitosan. 
   Chitosan has received increasing attention as a renewable polymeric material, since it can be 
used in many fields due to its chemical structure. Properties such as biodegrablility, low toxicity, 
and good biocompatibility make chitosan suitable for use in biomedical and pharmaceutical 
purposes. Therefore, chitosan has been used as an excipient and in compressed tablets, as a 
disintegrant, as a binder, and as a granulating agent in mixtures, as well as co-ground diluent for 
the enhancement of the dissolution rate and bioavailability of water insoluble drugs [4]. 
 
Properties of Chitosan: 
   Chitosan is insoluble in water, dissolves in aqueous acids, e.g., acetic and formic acids as well 
as in inorganic acids, to give viscous solutions. It is a glucosamine (amino sugar) which has a 
structure of glucose with an amine group attached in place of a hydroxyl group. The amino 
groups in chitosan are fully protonated at around pH = 3, and the polymer chains, which are 
positively charged, are solvated, resulting in dissolution. Chitosan is insoluble at neutral and 
alkaline pH values but forms salts with inorganic and organic acids such as hydrochloric acid, 
lactic acid and acetic acid. [5]. 
 
Inverse Liquid Chromatography: 
    This technique can be used to study solid-liquid interactions and the surface properties of solid 
materials. It is characterized as a physicochemical chromatographic technique in which a 
material whose surface properties needing to be studied are packed inside a column. In this type 
of chromatography, the retention properties of the known solutes with the stationary phase are 
studied, where the solutes being carried in the solvent into through the column packed with a 
specific material [6]. 
Different types of Inverse Liquid Chromatographic techniques are as follows: 
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a) Ion exchange Chromatography: 
This type of Chromatography is used for the separation of ions and polar molecules based 
on their charge. This chromatographic technique is used to separate and purify proteins 
and other charged molecules [7]. 
 
   Figure 2.  Ion-exchange process schematic depicting principle of chromatographic system 
(http://www.separations.us.tosohbioscience.com/ServiceSupport/TechSupport/ResourceCenter/PrinciplesofChromatogra
phy/IonExchange) 
 
b) Partitioning Chromatography: 
In this type of chromatography, the separation is based on the differences between the 
solubilities of the mobile and stationary phases. The mobile phase contains the solutes 
particles which are adsorbed onto the stationary phase. These solute particles are shown 
as green and red circles in Figure3 [7]. 
 
Figure 3. Schematic depicting principle of partitioning chromatography 
(liv.ac.uk) 
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c) Size Exclusion Chromatography: 
This type of chromatography separates molecules based on their molecular size. This 
technique can be applied using either a resin or a membrane. This technique can differ 
between molecules with a molecular weight difference of less than a factor of two times 
[7]. 
 
     Figure 4. Schematic Depicting the principle of size exclusion chromatography 
                                                                           (files.chem.vt.edu) 
d) Supercritical Fluid Chromatography: 
In this type of chromatography there is a use of a super-critical fluid as mobile phase. The 
fluid most commonly used is carbon dioxide for the transport of the analyte through the 
bed of the column where the mixture is divided into different bands based on the varying 
interaction between the individual analytes and the stationary phase in the column. As 
these bands leave the column they are detected individually by the detector [7]. 
 
 
   Figure 5.  Supercritical chromatography apparatus 
                                                           (novasep.com) 
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Major Parameters in Inverse Liquid Chromatography: 
         The determination of certain parameters is very important in inverse liquid 
chromatography. These parameters include the retention volume and the retention time. The 
retention volume of a peak profile is defined as the volume of the eluent carrier liquid admitted 
to the column between the injection of the sample and the emergence of the peak maximum of 
the specified component.  This parameter is calculated as a product of the retention time and the 
flow rate of the carrier liquid. The retention time is defined as the time that an average molecule 
of solute takes to travel the length of the column and is frequently measured to midpoint of a 
symmetrical breakthrough curve [8]. 
 
                               Figure 6. Figure showing the elution time  
(Clu-in.org) 
Figure 6 above shows the elution time (tR) of a chromatogram that is obtained using elution 
chromatography. Whereas, tM is the time corresponding to the dead volume inside the column, 
therefore the retention time of the peak shown in figure 6 is given as RT= tR –tM 
 
Elution Profile versus Frontal Profile: 
Elution profile is basically a graph which shows how much material is being carried out of the 
column by the carrier liquid in inverse liquid chromatography over time whereas, the frontal 
profile also known as the breakthrough profile is the integral of the elution profile. Therefore in 
linear chromatography, the rules derived for the movement of the concentration maximum of an 
elution zone applies equally to the movement of the concentration inflection of the frontal zone. 
However, in the region on non-linear chromatography the frontal part of the peak sharpens and 
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the frontal boundary and the rear of the peak become more diffuse. The following diagram shows 
an elution profile and its frontal profile [8]. 
 
                                        Figure 7. Elution profile and the frontal profile 
(wintervoer.nl) 
UV Detection/Visible Spectrometry: 
In this type of detection, there is a comparison between the light intensity which is incident (I) 
and the light intensity which is emergent (E) after the light passes through the solution of 
interest. According to Lambert-Beer’s Law, the absorbance is directly proportional to the 
concentration of the absorbing analyte in the solution, if the path length of the measuring cell is 
held constant. The absorbance reading on the UV detector is calculated by the following 
equation: 
A= €*c*d         
where  € = molar absorptivity  
           A = absorbance, 
            c = concentration of the absorbing analyte and 
           d = path Length of the measuring cell [9]. 
 
  Scope of the Project: 
Chitosan has been widely investigated as a carrier in the controlled release drug delivery 
systems. Particularly, it has mucoadhesive properties due to molecular attractive forces formed 
by electrostatic interaction between the positively charged chitosan and the negatively charged 
mucosal surfaces and therefore, can promote drug delivery through transmucosal absorption. It 
has been exploited for nasal and oral delivery of polar drugs, to include peptides and proteins, for 
vaccine delivery, as well as a drug carrier for sustained release preparations [5].    
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      In this project we are interested in the adsorptive or binding properties of chitosan which 
allow it to adsorb a wide variety of materials which are referred to as sorbates. The interest in 
molecular adsorption at the chitosan-solution interface is related to the end use of these polymers 
and their biodegradability under physiological conditions. Using chitosan, a drug-chitosan 
complex can be formed that allows for the reversible desorption of the drug over a period of time 
into the bloodstream or target tissue. Such a process is called sustained release and is dependent 
on the strength of the chitosan-sorbate interaction [5]. 
     In this study, the interaction of chitosan will be studied with some basic amino acids that 
make up the primary sequence of the proteins such as interleukins. Similar studies have been 
done to explore the interaction between chitosan and proteins, and some of them are discussed 
below. Therefore, this study will serve as a building block towards the understanding the use of 
chitosan in drug delivery systems for the sustained release of interleukins. 
 
Interleukins and Amino Acids: 
Interleukin: 
Interleukins are a group of protein signaling molecules that are produced by white blood cells. 
Therefore, interleukins are a part of the body’s immune system and serve as the means of 
communication inside the body. Some important Interleukins are IL-2, IL-10 and IL-12. 
 
Interleukin-2: 
 Interleukin-2 is a cytokine that which serves as signaling molecule for our body’s immune 
system. This interleukin is a leukocytotrophic hormone which helps our body to respond to 
microbial infection [10]. 
 
Interleukin-10: 
Interleukin -10 is a cytokine that inhibits production of other regulatory factors, including 
interferon y and IL-2. Cytokines are basically small signaling protein molecules which serve the 
purpose of delivering messages at molecular level within our body. The human interleukin-10 is 
said to exist as a homodimer in solution, where it is made up of two chains of 160 amino acids 
[11]. 
                
 
Interleuk
This type
human B
the grow
four alph
 
 
 Literatur
of the Int
methioni
 
 
 
              Fig
in-12: 
 of interleuk
-lymphocyti
th and funct
a-helices Fi
e studies we
erleukins in
ne and trypt
ure 9. Stru
in is produc
c cells, dend
ion of T cell
gure 10 show
    F
re done in o
 our body. It
ophan contr
ctures of th
ed in respon
ritic cells a
s. [12]IL-12
s the struct
igure10. Cr
rder to dete
 was found 
ibute to the 
11 
e monomer
se to an ant
nd macroph
 is a heterod
ure of IL-12
 
ystal struct
rmine the am
that the ami
primary stru
 and the di
igenic simu
ages. One o
imer and it 
. 
ure of IL-1
ino acids th
no acids cys
cture of IL-
 
mer of IL-1
lation and is
f its function
is composed
 
2(wiki) 
at contribu
teine, glycin
2 [10]. 
0[11] 
 produced b
s is to stimu
 of a bundle
te to the mak
e, leucine, 
y the 
late 
 of 
eup 
12 
 
Some of the Amino Acids that make up these Interleukins our body: 
L-Tryptophan: 
    It is an α-amino acid and is one of the essential amino acids that are part of our diet. The L-
stereoisomer of tryptophan is used in structural or enzyme proteins. The L-stereoisomer of 
tryptophan is used in structural or enzyme proteins. L-Tryptophan is a precursor of serotonin 
which is a neurotransmitter in the brain, and a neuro-hormone found in many organs of the body. 
The chemical structure of L-Tryptophan is shown below. 
 
 
                                                Figure 11. Structure of L-Tryptophan 
 
 
Its chemical IUPAC name is: 
(2S)-2-amino-3-(1H-indol-3-yl) propanoic acid 
Chemical Formula: 
C11H12N2O2 
 
Glycine: 
Glycine is a non-essential amino acid and it is involved in the body's production of DNA, 
phospholipids and collagen. Also glycine is used by the body for the release of energy. 
The chemical structure of glycine is shown below. 
 
Figure12. Structure of Glycine 
 
 
Its chemical IUPAC name is: 
2-aminoacetic acid 
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Chemical Formula: 
C2H5NO2 
 
L-Cysteine: 
It is a non-essential amino acid which is important for the immune system of our body. It is an 
oxidized dimeric form of cysteine. This amino acid is formed by linking two cysteine residues by 
a disulfide bond between the sulphide groups. Cysteine is very important because it is an 
important part of the cells in the body’s immune system, skeletal and connective tissues and the 
digestives enzymes in our body.  
The chemical structure of L-Cysteine is shown below: 
 
 
                                     Figure 13. Structure of L-Cysteine 
 
Its chemical IUPAC name is: 
2-amino-3-(2-amino-2-carboxy-ethyl) disulfanyl-propanoic acid 
Chemical Formula: 
C6H12N2O4S2 
 
L-Leucine: 
 
It is one of the branched chain amino acids and its carbon structure is marked by a branch point. 
L-Leucine is involved in stress, energy and muscle metabolism therefore it is very important for 
human life. 
The chemical structure of L-Leucine is shown below: 
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                                                   Figure14. Structure of L-Leucine 
 
Chemical IUPAC Name: 
(2S)-2-amino-4-methyl-pentanoic acid 
Chemical Formula: 
C6H13NO2 
                   
 
L-Methionine: 
It is an important amino acid which is acquired in diet. It is a major methyl group donor to the 
DNA and RNA intermediates. If infants are exposed to high level of L-methionine they are 
subjected to impaired growth. 
Chemical Structure 
 
                                     Figure 15. Structure of L-Methionine 
 
Chemical IUPAC Name:  
(2S)-2-amino-4-methylsulfanyl-butanoic acid 
Chemical Formula 
C5H11NO2S 
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Literature Background: 
      Research has been done on the controlled release of Interleukin-2 from chitosan 
microspheres and through this study it has been established that a chitosan microsphere which 
are created through the precipitation technique is suitable to carry IL-2 [13]. In this study, the 
effects of chitosan and protein concentrations on the characteristics of microspheres were 
studied. This study was done of two model cells HeLa and L-strain cell lines and controlled 
release of IL-2 was achieved over a period of 3 months [13].  
    Research studies have also been done to demonstrate that the chitosan\IL-12 adjuvant system 
causes a strong Th-1 polarized cellular and humoral immune response to a protein antigen i.e. 
this study shows that chitosan/IL adjuvant systems can create an immune response to a protein 
antigen [12]. In context to our study, this research is relevant for us to understand that chitosan 
has a potential to be used in drug delivery systems for the transport of proteins. Therefore, our 
study focuses on how different amino acids interact with chitosan and what sort of adsorptive 
properties chitosan possess towards these amino acids. 
  Research has been done to study protein adsorption properties of chitosan and how chitosan can 
activate the humoral systems in protein fluids. In the research study “Blood protein adsorption 
onto chitosan”, blood was used as a complex protein fluid whereas chitosan was layered on 
coated surfaces and incubated in the plasma of the blood [14]. 
    Lastly, research has been done in order to model drug release such as the release of albumin 
from thermosensitive- chitosan hydrogels .This model includes the description of the sorption 
processes on the solid phase surface as it relates to drug release [15]. 
 
   Breakthrough Curves and Volumes: 
         A breakthrough curve is the plot of the concentration measured at a fixed point in a packed 
column versus time. For a pulse or a spike input, the breakthrough curve is approximately a 
Gaussian peak. Alternatively for a continuous input of a dissolved substance into a column, the 
breakthrough curve is S-shaped. A typical breakthrough curve for continuous input of a 
dissolved solution is shown below [16]. In Figure15, VB = Breakthrough Volume, VR= Retention 
Volume, VE = Exhaustion Volume and Vo = Saturation Volume. 
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                            Figure 16. A typical breakthrough curve 
           The breakthrough volume is defined as the volume of the liquid carrier (the 
purpose of which is served by water in our project) which causes the analyte molecules (amino 
acids) to migrate from the inlet of the adsorbent bed (chitosan) to the outlet of the column [17]. 
This breakthrough volume is calculated for the purpose of this project as follows: 
Bv = (RT * Flow Rate) 
Wc 
Where Bv = Breakthrough volume. 
RT = Retention Time. 
FR = Flow rate of the carrier.  
Wc = Weight of the dry chitosan packed in the column. 
 
Experimental Design and Description: 
      An apparatus was assembled for the inverse liquid chromatographic (ILC) consisting of a 
manually-operated injection system (Waters U6K) for introducing the probe sorbates into the 
liquid eluent, a chitosan packed column within a temperature controlled HPLC oven (Model LC-
100, Perkin Elmer) and a Dionex AD-20 UV detector, equipped with a flow through cell to allow 
detection of the solutes as they elute from the chitosan-based column. Temperatures inside the 
system were measured at three different points on the column using the J-type thermocouples. 
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The retention and breakthrough calculations were performed using Microsoft Excel (2010) and 
Matlab (7.11.0.584, The Mathworks).  
       A Waters (Model No. 590) pump was used to pump the solvent through the stationary phase 
and the flow rate of the solvent was calibrated by taking flow rate readings via precise burette 
readings at the column outlet. A volume injection marker was depressed to measure the point of 
injection of a sorbate into the system. The thermocouples, and the signal output from the detector 
and the button are routed to a laptop computer through Cole-Parmer analog input modules PIN # 
18200-40 and 18200-00 respectively. The data was recorded using TracerDaq software (v.1.8.3; 
Cole Parmer Instrument Company, Vernon Hills, IL) and further converted to Excel sheets for 
analysis. A schematic of the ILC system is shown below in the Figure 17 below: 
 
 
                          Figure 17. Schematics of the ILC system. 
 
a) Reagents used in this Experiment: 
The adsorbent used in this experiment to pack the column was a chitosan from Federal 
Laboratories Chemical Corp, Product No: CHT1K. The amino acids were obtained from 
Sigma Aldrich (St.Lious, MO): 
1) L-Leucine ( 61819-25G) 
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2) L-Cysteine (30089-25G) 
3) Glycine (50046-50G) 
4) L-Histidine(H800-25G) 
5) L-Tryptophan( 93659-10G) 
 
b) Column Packing Procedure : 
      In an initial experiment in which 1.0092 g of dry chitosan was put in a graduated 
cylinder and its upper meniscus was at the 3 mL mark. Then 5 mL of water was added to 
the graduated cylinder. After allowing the solution to settle, it was found that the upper 
meniscus of the chitosan (wet) powder rested near the 3.6 mL mark. This means that 
there was a swelling of the chitosan in water by 0.6 mL. This is equivalent to a 20% 
swelling in weight assuming the density of water is approximately 1 g/mL.  
     Also, the weight of the chitosan was measured before and after the swelling 
experiment and it was found that the weight of chitosan increased by approximately 4 
times after swelling in water. However, the final weight taken after the swelling 
experiment did not involve drying of the chitosan and this increase in weight can only 
approximately be the absorption of water.  
     The actual column packing procedure involved adding dry powder to the empty 
column and then allowing water to flow through the column at wet-pack the chitosan in 
the column. This was repeated a number of times until the chitosan completely filled the 
column. 
     Therefore, approximately 1.0084 g of dry chitosan was packed in the column, the total 
weight of the packing material, was 3.6789 g. Two other columns were packed using the 
same method, but containing a dry weight of chitosan equal of 0.9212 and 1.0800 grams, 
respectively. 
 
c) Amino acid Solutions and Choice of Absorbance detection wavelengths: 
       Very dilute amino acid solutions were made up initially at a 10-5 mole fraction level 
for injection into the column. Their elution profiles were observed, and their 
concentrations were adjusted to a higher mole fraction of solution as needed for 
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detection. Table.1 lists the approximate mole fraction amino acid solutions used in these 
experiments. 
 
Table 1:  Mole fractions of the Amino acids used in the experiments  
Glycine(10-5) 1.2mg/30ml 
Histidine (10-6) 2.58mg/30ml 
Tryptophan (10-5) 3.3mg/30ml 
Methionine(10-4) 1.7mg/30ml 
Leucine (10-3) 0.72 mg/ml 
Cysteine (10-4) 2.0 mg/ml 
 
          Literature research was done in order to obtain the wavelength of maximum absorbance 
for amino acids in water. These wavelengths were set in the UV detector before the injection 
experiments for each amino acid were done. These wavelengths are provided in Table 2 below. 
 
Table 2:  Wavelength of maximum absorbance for amino acids in water 
Amino acid λmax (nm) 
Glycine 210   [18] 
Tryptophan 219   [19] 
Histidine 214   [20] 
Cysteine 190-200 [21] 
Methionine 210 [22] 
Serine 210-220 [23] 
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d) Apparatus and the Experimental Protocol: 
              The following photograph shows the apparatus which was used in this experiment 
 
 
 
 
 
 
The following is a step by step procedure which was followed in order to perform the 
experiments. The column was equilibrated at a set temperature, in the constant 
temperature oven. The UV detector was switched on and the lamps were turned on 
“High” and the range of the UV detector was set on 0.5 for every amino acid injected. 
The detection wavelength was set as listed in the Table.2 for every amino acid as shown 
above. A 25μl syringe was used in this experiment in order to inject 20 μl of each amino 
acid into the HPLC pump. Each of the amino acids was injected three times at conditions 
approximating infinite dilution; flow rates for the eluent at room temperature was 
measured before and after each temperature in triplicates.  
     Before each injection, it was confirmed that the baseline of the UV detector signal was 
offset to zero and the injection was made with the injection system trigger in the load 
position. At the time of every amino acid injection, the syringe was washed three times 
with deionized water. Than a home-built button was pressed simultaneous to the 
changing of the injection valve from the load position to the inject position. TracerDaq 
software was used to record the elution peaks. Elution chromatography experiments were 
conducted at approximately 30C, 40 C, 50C and 60C, and data for every peak was stored 
in an Excel sheet.  
HPLC PUMP 
HPLC OVEN 
UV-DETECTOR LAPTOP-COMPUTER 
    INJECTOR 
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e) Data Analysis: 
    A Matlab program (Appendix A) was used to calculate the retention time of each amino acid 
inside the column from the peak profile recorded using the TracerDaq software. A digital signal 
processing tool box could have been used for the same purpose. In order to measure the dead 
volume of the column, acetone was injected through the column and its retention time was 
calculated using the same Matlab program. Since acetone is to have almost no interaction with 
chitosan this injection of acetone in the column will determine the dead volume of the column 
.Therefore, actual retention time of the amino acid is the difference between the elution times of 
the amino acid and that of acetone which represents the time peak for the dead volume in the 
column. The following screen shot from the laptop computer illustrates the procedure.  
      A “raw data” excel sheet was created and stored in the same folder where the Matlab 
program was saved. In this “raw data” excel sheet, the first column contains the data for the 
button signal and the second column contains the detector signal data. These raw data sheets 
were created for every amino acid injection. 
 
Matlab program screen shot 1. 
Once a “raw data” sheet was created and saved. The Matlab program was started and the “green 
run” button on the top of the program window was clicked in order to run the program using the 
data in the “raw data” excel sheet. 
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Matlab program screen shot 2. 
    After running the program the following data results are obtained  
1) A figure showing the peak’s corresponding to the data contained in the raw data excel 
sheet as shown below: 
 
Matlab program screen shot 3. 
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   Screen shot 3 shows us the two peaks and the button signal. The raw peak is obtained from the 
data, this peak is adjusted by the program to a “corrected” peak in order to reduce the noise 
signals that were detected during the data collection and the baseline of the signal is adjusted 
close to zero. 
 
2) Also obtained is a Matlab software window with a set of calculations done on the raw 
data provided in the excel sheet. 
 
 
Matlab program screen shot 4. 
 
      The calculated values in the software are: 
 The flow rate of the solvent inside the column. 
 The injection time, which is basically the time that had elapsed before the injection 
was made and the data recording had started in TracerDaq. 
 Area of the sample peak is basically the area under the peak shown in the figure 
above. This area is obtained through integration by the Matlab Program. 
 Elution time of the peak is basically the time period that had elapsed between the 
injection time and the time it took for the peak to reach its maxima. 
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 Dead volume of the column corresponds to elution time of an acetone peak, as this is 
the time which a “model inert” sorbate will take to pass through the column without 
any interaction with the chitosan. 
 The retention time of the amino acid is calculated as a difference between the 
“Elution time of peak” and the “Dead volume in column”. This retention time 
corresponds to the time that it takes for the amino acid sorbate to interact with the 
column. 
    The retention time of each amino acid as calculated by the Matlab program was 
obtained and recorded in an excel sheet, different excel sheets were created for different 
columns. This excel sheet than was used to calculate the retention volume, the grams of 
each amino acids injected at a time, the specific breakthrough volume for each amino 
acid,the capacity ratio of each amino acid injection, the saturation time, the fraction of the 
bed saturation and the specific uptake of tryptophan. 
 
Calculations: 
 In order to obtain the retention volume (Vr) of each amino acid the following 
formula was used: 
              Retention Volume = Retention time * Carrier Flow rate [22]. 
 The natural logarithm of these retention volume were calculated and plotted 
against the 1000/T (absolute temperature). This was done in order to observe if 
there was any trend between the retention times of the amino acid with the 
chitosan bed at different temperatures. 
 Specific Breakthrough volume of each amino acid was calculated as follows: 
Specific breakthrough Volume: Retention Volume/ Dry mass of Chitosan 
 Capacity factor (K’) was calculated for each amino acid as follows: 
Capacity factor: Retention time of Amino Acid/Retention time of Acetone. The 
retention time of each Amino Acid is obtained as a difference between the elution 
time of the Amino acid and the elution time of acetone [8, 22]. 
 Natural logarithm of this capacity factor was calculated for each amino acid and 
plotted against the 1000/T on the x-axis. This plot is known as a Van Hoff’s plot 
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and the slope of the line in this plot times the universal gas constant (R= 1.98 
cal.K-1.Mole-1) gives us the enthalpy of adsorption in the column ΔHa [24, 25]. 
 Gibbs Free Energy of adsorption was calculated using the following equation 
ΔGa = -R *T*lnK’ [25-26]. 
 Using the Gibbs Free Energy of adsorption and enthalpy of adsorption, the change 
in entropy of adsorption was calculated using the following equations: 
ΔSa = ΔHa - ΔGa 
                       Tcolumn(K) 
 
           (where Tcolumn is the temperature of the column in Kelvin.) [24-26]. 
 Fraction of the chitosan bed saturated with the amino acid sorbate was calculated 
as follows [24]: 
                                       Θ = 2 * tB 
                                                           tB+te 
 Chitosan bed uptake was calculated in terms of ( grams of amino acid/ grams of 
chitosan) as follows [24]: 
Chitosan bed uptake =    n*A1 
                                                   A2*Wt. 
            Where n = the amount of Amino acid injected in grams. 
                        A1= the area in front of the peaks. 
                        A2= the area of the peaks. 
                        Wt = weight of chitosan in the column [24]. 
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Results and Discussions: 
 All calculations, graphs and Matlab results were recorded in a Microsoft Excel sheet. The 
retention times of the amino acids solutions injected in the column are presented in Table 3. 
 
                Table 3. Retention times of Amino acids inside the Column. 
 Temperature Cysteine Glycine Leucine Methionine Tryptophan 
             C sec sec sec sec sec 
1 42. 2 75.0 15.0 19.0 25.0 121 
2 42. 2 73.0 19.0 15.0 21.0 117 
3 42.2 67.0 19.0 21.0 25.0 121 
Average 42. 2 71.7 17.7 18.3 23.7 119 
1 51.6 27.0 11.0 11.0 15.0 105 
2 51.6 67.0 9.00 9.00 21.0 103 
3 51.6 71.0 13.0 17.0 17.0 103 
Average 51.6 55.0 11.0 12.3 17.7 104 
1 61.1 25.0 3.00 5.00 9.00 87.0 
2 61.1 53.0 3.00 3.00 15.0 89.0 
3 61.1 15.0 3.00 11.0 11.0 85.0 
Average 61.1 31.0 3.00 6.30 11.7 87.0 
 
The retention time of the amino acids inside the column decreased as the temperature of the 
column was increased from 40 C to 60 C.  Tryptophan showed the highest retention times at each 
temperature followed by cysteine, methionine, leucine and glycine.  
 
Retention Volumes were calculated for each amino acid and reported below in the Table 4. 
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Table 4: Peak Maxima Retention Volumes for Amino Acids on Chitosan Column: 
Temperature(C) Cysteine Glycine Leucine Methionine Tryptophan T (K) 
42. 2  1.03 0.254 0.264 0.341 1.72 315
51.6 0.812 0.163 0.183 0.262 1.54 325
61.1 0.472 0.0458 0.0965 0.178 1.33 334
 
 
The retention volumes of the amino acids inside the column decreased as the temperature of the 
column was increased from 40 C to 60 C.  Tryptophan showed the highest retention volumes at 
each temperature followed by cysteine, methionine, leucine and glycine.  
Linear trends were observed for a plot of natural logarithm of retention volumes versus the 
reciprocal of the absolute temperature. The plots for each amino acid are shown below: 
 
 
Figure 18. Plot of Ln (Vr) versus 1000/T (K-1) for Cysteine 
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Figure 19. Plot of Ln (Vr) versus 1000/T (K-1) for Glycine 
 
 
 
Figure 20. Plot of Ln (Vr) versus 1000/T (K-1) for Leucine 
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Figure 21. Plot of Ln (Vr) versus 1000/T (K-1) for Methionine 
 
 
 
 
Figure 22. Plot of Ln (Vr) versus 1000/T (K-1) for Tryptophan 
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Specific breakthrough volumes for each amino acid were calculated and are presented in Table 5. 
Table 5: Specific breakthrough Volumes (mL/g) for Amino acids adsorbed in the Column. 
Temperature(C) Cysteine Glycine Leucine Methionine Tryptophan 
42. 2 
1.09 0.218 0.275 0.362 1.75 
42. 2 
1.03 0.269 0.212 0.297 1.65 
42. 2 
0.948 0.269 0.297 0.354 1.71 
Average 1.02 0.252 0.262 0.338 1.71 
51.6 0.404 0.164 0.164 0.224 1.57 
51.6 0.977 0.131 0.131 0.306 1.50 
51.6 1.03 0.190 0.248 0.248 1.50 
Average 0.806 0.162 0.181 0.260 1.52 
61.2 
0.385 0.0462 0.0769 0.138 1.34 
61.2 
0.796 0.0450 0.0450 0.225 1.34 
61.2 
0.225 0.0450 0.165 0.165 1.28 
Average 0.469 0.0454 0.0957 0.176 1.32 
  
   The specific breakthrough volumes of each amino acid absorbed in the column decreased as the 
temperature of the column increased from 40 C to 60 C. Tryptophan showed the highest specific 
breakthrough volumes at each temperature followed by cysteine, methionine, leucine and glycine.  
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Capacity factors for each amino acid was calculated and recorded in Table 6. 
 
          Table 6: Capacity Factors of Amino Acids Absorbed in the Column. 
 
     
    The capacity factors (K’) of each amino acid absorbed in the column decreased as the 
temperature of the Column increased from 40 C to 60 C. Tryptophan showed the highest capacity 
factors at each temperature followed by cysteine, methionine, leucine and glycine.  
 
 
Temperature Cysteine Glycine Leucine Methionine Tryptophan 
42. 2 
0.490 0.098 0.124 0.163 0.791 
42. 2 
0.477 0.124 0.098 0.137 0.765 
42. 2 
0.438 0.124 0.137 0.163 0.791 
Average 0.468 0.115 0.120 0.155 0.782 
51.6 0.176 0.0719 0.0719 0.0980 0.686 
51.6 0.438 0.0588 0.0588 0.137 0.673 
51.6 0.464 0.0850 0.111 0.111 0.673 
Average 0.359 0.0719 0.0806 0.115 0.677 
61.2 
0.163 0.0196 0.0327 0.0588 0.569 
61.2 
0.346 0.0196 0.0196 0.0980 0.582 
61.2 
0.098 0.0196 0.0719 0.0719 0.555 
Average 0.203 0.0196 0.0414 0.0762 0.569 
     In orde
made for
temperatu
universal
 
r to determi
 each amino
re is in Kel
 gas constan
 
ne the adsor
 acid i.e. nat
vins. The sl
t R, ΔH/R. 
Figure 23. 
    Figure 2
ption entrop
ural logarith
ope of this p
[24]  
Plot of Ln 
4. Plot of L
32 
y and entha
m of the K’
lot is than th
(K’) versus 
n (K’) versu
lpy of adsor
 is plotted a
e ratio of th
1000/T (K-1
s 1000/T (K
ption a Van
gainst the 10
e enthalpy o
) for Cystei
-1) for glyc
’t Hoff plot 
00/T where
ver the 
ne 
ine 
was 
 
 
 
       
          
         Figur
       Figure
e 25. Plot of
 26. Plot of 
33 
 Ln (K’) ve
 
Ln (K’) ver
rsus 1000/T
sus 1000/T 
 (K-1) for L
(K-1) for M
eucine 
ethionine 
      Linea
increases
calculate
ΔHa’s are
               
    Since t
amino ac
strongest
cysteine,
      Fi
 
r calculation
, the capacit
 the enthalpy
 listed in th
    Table 7: 
 
he more neg
id on the ch
 adsorption 
 leucine and
gure 27. Plo
 for each plo
y factor of e
 of each am
e Table 7. 
Enthalpy of 
Amin
Cyste
Glyci
Leuci
Meth
Trypt
ative the va
itosan in the
on the chito
 glycine. 
t of Ln (K’
t was obser
ach amino a
ino acid ads
Adsorption 
o Acid 
ine 
ne 
ne 
ionine 
ophan 
lue of ΔHa o
 column. Th
san in the co
34 
) versus 100
ved which m
cid decreas
orbing from
Values for A
               
f adsorption
erefore, as s
lumn and th
0/T (K-1) fo
eans as the
es. The slop
 solution on
mino Acid
    ΔHa (Kcal
+ 8.75
+ 19.1
+ 11.5
+7.65
+3.45
 the stronge
hown by th
is was follo
r Tryptoph
 temperatur
e of these pl
 chitosan (Δ
s on Chitosa
/mol) 
 
 
 
 
 
r the adsorp
e values tryp
wed by met
 
an 
e of the colu
ots was used
Ha). These 
n 
tion of the 
tophan had
hionine, 
mn 
 to 
 the 
35 
 
    Correspondingly, values of Gibb’s free energy of adsorption (ΔGa) for each amino acid in 
chitosan were calculated and are presented in Table 8. 
 
   Table 8: Gibbs free energy of Adsorption of Amino Acids onto Chitosan: 
Amino Acid                 Temperature (0C)         ΔGa of adsorption(Kcal/mol) 
Cysteine 42.2 0.475 
 51.6 0.660 
 61.2 1.06 
Glycine 42.2 1.35 
 51.6 1.70 
 61.2 2.61 
Leucine 42.2 1.33 
 51.6 1.62 
 61.2 2.11 
Methionine 42.2 1.17 
 51.6 1.39 
 61.2 2.12 
Tryptophan 42.2 0.154 
 51.6 0.251 
 61.2 0.375 
  
As expected an increase in temperature of the column increased the Gibb’s free energy of 
adsorption for a given amino acid. On average, glycine showed the highest values for Gibb’s free 
energy of adsorption followed by lecuine, methionine, cysteine and tryptophan.  
 
Using Gibbs free energy of adsorption and enthalpy of adsorption, change in entropy was 
calculated for each amino acid and the values are presented in the table below. 
 
 
 
 
36 
 
 Table 9: Entropy of adsorption (ΔSa) of Amino Acids onto Chitosan. 
Amino Acid Temperature (0C) ΔS of adsorption(Kcal/K*mol) 
cysteine 42.2 0.0262 
 51.6 0.0250 
 61.2 0.0230 
glycine 42.2 0.0562 
 51.6 0.0535 
 61.2 0.0492 
leucine 42.2 0.0321 
 51.6 0.0303 
 61.2 0.0280 
methionine 42.2 0.0205 
 51.6 0.0192 
 61.2 0.0165 
tryptophan 42.2 0.0104 
 51.6 0.00985 
 61.2 0.00920 
 
   It can be seen from Table 9, that the entropy of adsorption of amino acids onto chitosan was 
positive. Since both the enthalpy of adsorption and the entropy of adsorption of amino acids onto 
chitosan was positive, we could assume that the adsorption of amino acids in chitosan was 
spontaneous mainly at higher temperatures where the reaction can be exothermic in nature. There 
was a decrease in the entropy of adsorption of amino acids onto chitosan with an increase in 
temperature. Also, glycine showed greater entropy of adsorption followed by leucine, cysteine, 
methionine and tryptophan.  
   After analyzing the data it was decided to use a Matlab program to calculate the fraction of the 
bed saturated by tryptophan and the specific uptake of tryptophan in the column at different 
temperatures. The values for the fraction of the bed saturated by tryptophan are presented in 
Table 10. 
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Table10. Fraction of the bed saturated by tryptophan  
 Temperature(0C) Fraction of the bed 
saturated 
1  42. 2 0.277 
2  42. 2 0.272 
3 42.2 0.291 
Average  42. 2 0. 280 
1 51.6 0.234 
2 51.6 0.244 
3 51.6 0.318 
Average 51.6 0. 265 
1 61.1 0.214 
2 61.1 0.170 
3 61.1 0.173 
Average 61.1 0.186 
 
   The values show a trend that the fraction of the chitosan bed saturated by tryptophan decreases 
in the column as the temperature of the column increases. 
 In order to calculate the specific uptake of tryptophan in the column at different temperatures the 
method shown in figure below was used. 
 
 
 
 
 
 
 
. 
 
 
                           Figure28. Figure showing area in front of the breakthrough curve.   
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     Figure 28 shows a typical breakthrough curve obtained by plotting C/C0 as a function of time 
(C- final concentration of amino acid in chitosan, C0 – initial concentration of amino acid in 
chitosan). CBR refers to the breakthrough concentration of amino acid in chitosan at breakthrough 
time (tB). If we superimpose the current peak profile for adsorption of a small volume of 
infinitely dilute amino acid solution in chitosan to the time-based profile of fraction saturation 
concentration (C/C0), we assumed that the peak would cross the breakthrough at approximately 
50% concentration of C/C0. The retention time of amino acid peak profile at this concentration is 
expressed at tR. If the amino acid solution is continuously adsorbed onto chitosan over this 
concentration, it would eventually saturate the chitosan bed expressed as CE at time (tE). So, by 
calculating the area in the front of the breakthrough curve represented as diagonal lines, it is 
possible to estimate the total concentration of amino acid required to saturate the chitosan bed 
(CE) from the measured data. 
       The area of the elution peak between the tR and tB was calculated and was used to calculate 
the area in front of the breakthrough curve. This area was used by the Matlab program to 
calculate the specific uptake of tryptophan in the column at different temperatures. A linear trend 
was observed for a plot of this specific uptake of tryptophan against the temperature. This plot is 
presented in Figure 29. 
 
 
Figure 29.Plot of tryptophan uptake versus temperature 
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Data presented through this plot shows that as the temperature of the column increased the 
specific uptake of tryptophan in the column decreased. 
 
Conclusion: 
      This technique of inverse liquid chromatography(ILC) shows that amino acids that make up 
the primary sequence of interleukins, such as IL-2, do adsorb on the surface of chitosan and 
therefore, suggests that chitosan can be successfully used as a drug delivery material. 
Furthermore, this study shows that different amino acid sorbates adsorb differently on chitosan, 
hence every chitosan-based method, in which different interleukins containing an amino acid 
composition in its primary sequence will exhibit different degrees of adsorption. Lastly, these 
thermodynamic-based parameters that have been calculated will help in use of chitosan in 
delivering drugs such as Interleukins into our body, via an adsorption mechanism. 
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                                                       Appendix A 
MATLAB PROGRAM: 
% Program to perform breakthrough calculations for amino acid in chitosan 
% Programmer: Keerthi Srinivas 
clc 
clear all 
close all 
data_matrix=xlsread('Raw data'); % Input from excel file 
% File must be named Raw data.xls with Absorbance data in column 2 and 
% Button data in column 1  
button=data_matrix(:,1); 
sensitivity=3; % This is fixed to focus on higher numbers 
  
% Code to zero the baseline and reduce significant noise in raw data 
data=data_matrix(:,2); 
min_data=min(data); 
data_corr=abs(min_data)*ones(numel(data),1)+data; 
avg=abs(min_data); 
noise=zeros(numel(data),1); 
  
  
for i=1:numel(data_corr) 
    if data_corr(i)<sensitivity*avg 
        noise(i)=data_corr(i); 
        [p q v]=find(noise); 
        avg=mean(v); 
    end 
end 
correction=avg*ones(numel(data_corr),1); % creates a vector using the corrected data 
data_new=data_corr-correction; % zeroes the baseline 
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% Plotting of diffusion peak 
%figure('name','Baseline shift') 
%plot(data_new,'b','linewidth',1) % Diffusion peak after baseline is zeroed 
%hold on  
%plot(data,'r','linewidth',1) % Raw data from diffusion apparatus 
%plot(button,'linewidth',1) % Button signal data - indicates time of injection 
%legend('Corrected','Raw','Button','location','northwest') 
%hold off 
  
%Calculation of area under the peak 
% Here, the trapezoidal rule is used 
% In this rule, each point on the curve is divided into rectangular 
% components and area is calculated for each section (or component) by 
% measuring the area of rectangle plus the area of a traingle. 
[a t]=max(data_new); 
y=a; % Maximum peak height 
x=t; % sample point at maximum peak height 
[a t]=max(button); 
inj_time=t; % Injection time; Time at which button peak signal is maximum 
peak2=zeros((length(data_new)-t),1); 
  
% Tailing part of peak 
for i=1:(length(data_new)-x)  
    if data_new(i+x)>=0 
        peak2(i)=data_new(i+x); 
    elseif data_new(i+x)<0 
        break 
    end 
end 
peak2=peak2(end:-1:1); 
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peak2((length(peak2)+1))=y; 
peak2=peak2(end:-1:1); 
peak1=zeros(x-1,1); 
  
% Fronting part of peak 
for i=1:(x-1) 
    if data_new(x-i)>=0 
        peak1(i)=data_new(x-i);  
    elseif data_new(x-i)<0 
        break 
    end 
end 
peak1=peak1(end:-1:1); 
peak1((length(peak1)+1))=y; 
peak(1:length(peak1))=peak1; 
peak((length(peak1)):(length(peak1)+length(peak2)-1))=peak2; 
time=1:1:length(peak); % Not exactly time but sample number since sampling rate is 2 seconds 
per sample 
area=trapz(time,peak); % Calculates area of total peak using trapezoidal rule 
tsec=(x-inj_time)*2; % Elution time of sample; Sampling rate was 2 seconds per sample 
tacetone=153; % Retention time of acetone in chitosan column 
ret_time=tsec-tacetone; % Actual retention time calculated from subtracting the dead time 
obtained from acetone peak data 
fprintf('Elution time of peak (sec): %.3f \n',tsec) 
fprintf('Dead volume in column (acetone)(sec): %.3f \n',tacetone) 
fprintf('Retention time (sec): %.3f \n', ret_time) 
  
% To calculate retention volume 
flow=0.83; % Flow rate in mL/min 
fprintf('Actual flow rate of solvent (mL/min): %0.3f\n', flow) 
flow_sec=flow/60; % To convert flow from mL/min to mL/sec 
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ret_vol=flow_sec*ret_time; 
fprintf('Retention volume (mL): %.3f\n',ret_vol); 
  
% Thermodynamic Calculations 
% To calculate capacity ratio 
kprime=ret_time/tacetone; 
fprintf('Capacity factor: %.3f \n',kprime) 
  
% To calculate Gibbs free energy of amino acid in water based on the 
% capacity ratio 
% Value of Gas Constant R: 1.987 cal/mol.K 
R=1.987; 
T=61.16; 
delta_G=(-R)*(T+273.15)*log(kprime); 
fprintf('Actual experimental temperature(C): %.3f \n',T) 
fprintf('Gibbs free energy based on capacity factor(cal/mol): %.3f \n',delta_G) 
  
% Breakthrough Calculations 
% Assuming that the peak profile is indicative of 50% of total breakthrough 
% To calculate tb=time at initial adsorption 
[ap tp]=max(peak1); 
yp=ap; % Maximum peak height 
xp=tp; % Sample at maximum peak height 
t_ten=0.05*yp; 
count=0; 
for i=1:length(peak1) 
    if peak1(i)>t_ten 
        count=count+1; 
    end 
end 
tb=((xp-inj_time-count)*2)-tacetone; % Sampling rate was 2 seconds per sample 
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% To calculate te=time at saturation 
% Assuming perfect Gaussian symmetry and that the peak height is at half 
% point to the total breakthrough curve, we have the te=time at saturated 
% adsorption is equal to 5% of the tailing peak 
count_e=0; 
for i=1:length(peak2)  
    if peak2(i)>t_ten 
        count_e=count_e+1; 
    elseif peak2(i)<=t_ten 
        break 
    end 
end 
te=ret_time+(count_e*2); % Sampling rate was 2 seconds per sample 
fprintf('tb: %.3f \n',tb) 
fprintf('te: %.3f \n',te) 
  
% To calculate fraction of the adsorbent bed saturated 
frac=(2*tb)/(tb+te); 
fprintf('fraction of the adsorbent bed saturated: %.3f \n',frac) 
  
% To calculate area in the front of the peak 
m=0.05*yp; % sample at approximately the starting of the frontal peak 
p3_len=0;  
for i=1:length(peak1) 
    if peak1(i)>=m 
        p3_len=p3_len+1; 
    end 
end 
peak3=zeros(p3_len,1); 
c=1; % A count variable 
for i=1:length(peak1) 
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    if peak1(i)>=m 
        peak3(c)=peak1(i); 
        c=c+1; 
    end 
end 
t_p3=1:1:length(peak3); 
  
% To calculate breakthrough volume 
mass=1.0079; % Initial dry mass of chitosan in grams 
br=ret_vol/mass; % Specific breakthrough volume in mL/g 
  
  
fr_area1=ret_time*yp; % Calculates area of rectangular part of profile till retention time of 
amino acid (after removing dead time) 
fr_area2=fr_area1-trapz(t_p3,peak3); % Calculates area of the front of the peak from tb to tr 
fr_area=(fr_area1*2)+(fr_area2-(tb*yp)); % Total area of the frontal peak 
fprintf('Area of the peak: %.3f \n',area) 
fprintf('Area of the frontal part of the peak: %.3f \n',fr_area) 
  
  
conc=0.00011; % Concentration of amino acid in g/mL 
inj_vol=20*10^(-3); % Total volume of amino acid solution injected in mL 
m_amino=conc*inj_vol; % Total mass of amino acid solution injected in grams 
q_amino=(m_amino*fr_area)/(area*mass); % Breakthrough volume in g amino acid/g chitosan 
units 
fprintf('Concentration (g/mL): %.5f \n',conc) 
fprintf('Specific breakthrough volume (mL/g): %.3f \n',br) 
fprintf('Specific uptake (g amino acid/g chitosan): %.11f \n',q_amino) 
  
% End of Program 
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Typical Results From MATLAB 
40 C 
Tryptophan-1 
Elution time of peak (sec): 274.000  
Dead volume in column (acetone)(sec): 153.000  
Retention time (sec): 121.000  
Actual flow rate of solvent (mL/min): 0.830 
Retention volume (mL): 1.674 
Capacity factor: 0.791  
Actual experimental temperature(C): 42.230  
Gibbs free energy based on capacity factor(cal/mol): 147.044  
tb: 39.000  
te: 243.000  
fraction of the adsorbent bed saturated: 0.277  
Area of the peak: 224.041  
Area of the frontal part of the peak: 1252.776  
Concentration (g/mL): 0.00011  
Specific breakthrough volume (mL/g): 1.661  
Specific uptake(g amino acid/g chitosan): 0.00001220537 
Tryptophan-2 
Elution time of peak (sec): 270.000  
Dead volume in column (acetone)(sec): 153.000  
Retention time (sec): 117.000  
Actual flow rate of solvent (mL/min): 0.830 
Retention volume (mL): 1.619 
Capacity factor: 0.765  
Actual experimental temperature(C): 42.220  
Gibbs free energy based on capacity factor(cal/mol): 168.105  
tb: 37.000  
te: 235.000  
fraction of the adsorbent bed saturated: 0.272  
49 
 
Area of the peak: 222.731  
Area of the frontal part of the peak: 1234.093  
Concentration (g/mL): 0.00011  
Specific breakthrough volume (mL/g): 1.606  
Specific uptake (g amino acid/g chitosan): 0.00001209405 
Tryptophan-3 
Elution time of peak (sec): 274.000  
Dead volume in column (acetone)(sec): 153.000  
Retention time (sec): 121.000  
Actual flow rate of solvent (mL/min): 0.830 
Retention volume (mL): 1.674 
Capacity factor: 0.791  
Actual experimental temperature(C): 42.240  
Gibbs free energy based on capacity factor(cal/mol): 147.049  
tb: 41.000  
te: 241.000  
fraction of the adsorbent bed saturated: 0.291  
Area of the peak: 220.833  
Area of the frontal part of the peak: 1239.197  
Concentration (g/mL): 0.00011  
Specific breakthrough volume (mL/g): 1.661  
Specific uptake (g amino acid/g chitosan): 0.00001224847 
50 C 
Tryptophan-1 
Elution time of peak (sec): 258.000  
Dead volume in column (acetone)(sec): 153.000  
Retention time (sec): 105.000  
Actual flow rate of solvent (mL/min): 0.830 
Retention volume (mL): 1.452 
Capacity factor: 0.686  
Actual experimental temperature(C): 51.570  
50 
 
Gibbs free energy based on capacity factor(cal/mol): 242.910  
tb: 29.000  
te: 219.000  
fraction of the adsorbent bed saturated: 0.234  
Area of the peak: 255.712  
Area of the frontal part of the peak: 1374.551  
Concentration (g/mL): 0.00011  
Specific breakthrough volume (mL/g): 1.441  
Specific uptake (g amino acid/g chitosan): 0.00001173317 
Tryptophan-2 
Elution time of peak (sec): 256.000  
Dead volume in column (acetone)(sec): 153.000  
Retention time (sec): 103.000  
Actual flow rate of solvent (mL/min): 0.830 
Retention volume (mL): 1.425 
Capacity factor: 0.673  
Actual experimental temperature(C): 51.590  
Gibbs free energy based on capacity factor(cal/mol): 255.335  
tb: 29.000  
te: 209.000  
fraction of the adsorbent bed saturated: 0.244  
Area of the peak: 228.290  
Area of the frontal part of the peak: 1236.452  
Concentration (g/mL): 0.00011  
Specific breakthrough volume (mL/g): 1.414  
Specific uptake (g amino acid/g chitosan): 0.00001182212 
Tryptophan-3 
Elution time of peak (sec): 266.000  
Dead volume in column (acetone)(sec): 153.000  
Retention time (sec): 113.000  
Actual flow rate of solvent (mL/min): 0.830 
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Retention volume (mL): 1.563 
Capacity factor: 0.739  
Actual experimental temperature(C): 51.660  
Gibbs free energy based on capacity factor(cal/mol): 195.588  
tb: 41.000  
te: 217.000  
fraction of the adsorbent bed saturated: 0.318  
Area of the peak: 177.134  
Area of the frontal part of the peak: 1035.604  
Concentration (g/mL): 0.00011  
Specific breakthrough volume (mL/g): 1.551  
Specific uptake (g amino acid/g chitosan): 0.00001276133 
60 C 
Tryptophan-1 
Elution time of peak (sec): 240.000  
Dead volume in column (acetone)(sec): 153.000  
Retention time (sec): 87.000  
Actual flow rate of solvent (mL/min): 0.830 
Retention volume (mL): 1.204 
Capacity factor: 0.569  
Actual experimental temperature(C): 61.190  
Gibbs free energy based on capacity factor(cal/mol): 375.036  
tb: 21.000  
te: 175.000  
fraction of the adsorbent bed saturated: 0.214  
Area of the peak: 152.786  
Area of the frontal part of the peak: 803.179  
Concentration (g/mL): 0.00011  
Specific breakthrough volume (mL/g): 1.194  
Specific uptake (g amino acid/g chitosan): 0.00001147455 
Tryptophan-2 
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Elution time of peak (sec): 242.000  
Dead volume in column (acetone)(sec): 153.000  
Retention time (sec): 89.000  
Actual flow rate of solvent (mL/min): 0.830 
Retention volume (mL): 1.231 
Capacity factor: 0.582  
Actual experimental temperature(C): 61.160  
Gibbs free energy based on capacity factor(cal/mol): 359.905  
tb: 17.000  
te: 183.000  
fraction of the adsorbent bed saturated: 0.170  
Area of the peak: 227.258  
Area of the frontal part of the peak: 1186.589  
Concentration (g/mL): 0.00011  
Specific breakthrough volume (mL/g): 1.222  
Specific uptake (g amino acid/g chitosan): 0.00001139687 
Tryptophan-3 
Elution time of peak (sec): 238.000  
Dead volume in column (acetone)(sec): 153.000  
Retention time (sec): 85.000  
Actual flow rate of solvent (mL/min): 0.830 
Retention volume (mL): 1.176 
Capacity factor: 0.556  
Actual experimental temperature(C): 61.160  
Gibbs free energy based on capacity factor(cal/mol): 390.451  
tb: 17.000  
te: 179.000  
fraction of the adsorbent bed saturated: 0.173  
Area of the peak: 205.857  
Area of the frontal part of the peak: 1050.645  
Concentration (g/mL): 0.00011  
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Specific breakthrough volume (mL/g): 1.167  
 
